GPR

INTRODUCTION 79 80
Many researchers have reported significant effects of temperature on microorganisms, and 81 lowering temperature is known to lead to a decrease in the maximum specific growth and 82 substrate utilization rates. Under psychrophilic conditions (10-15ºC), chemical and 83 biological reactions proceed much slower than under mesophilic conditions (30-40ºC) 84 (Lettinga et al., 2001) . Low temperatures were reported to affect biogas production, 85 methanogenic activity and microbial community composition. Lower temperatures can also 86 result in an exhaustion of cell energy, a leakage of intracellular substances or complete lysis 87 (Kashyap et al., 2003) . COD removal efficiencies are typically in the range 93-99% at 88 mesophilic temperatures, but when the temperature is decreased to ambient, a few studies 89 have reported lower COD removals: 65-75% COD removal was achieved in an Upflow 90 Anaerobic Sludge Blanket (UASB) treating landfill leachate (Kettunen and Rintala, 1998) . 91
At 24ºC COD removals of up to 75% were achieved with a 10 h HRT, and the highest 92 organic loading rate (OLR) applied was 10 kg COD.m -3 .d -1 (Kettunen et al., 1996) . Moreover, at a temperature in the range 4-10ºC, an OLR of 3.75-5 kg COD.m -3 .d -1 could be 100 applied with 82% COD removal, and 70% methane in the biogas. In a EGSB coupled with a 101 days, respectively. The SAMBRs were 3 litre reactors fitted with a Kubota polyethylene flat 141 sheet membrane of 0.1 m 2 of total surface and a pore size of 0.4 micron (Trzcinski and  142 Stuckey, 2009). The biogas sparging rate was set at 5 L/min to minimize cake formation on 143 the membrane. SAMBR300 was inoculated with acclimatised anaerobic sludge treating 144 leachate and its initial MLTSS and MLVSS were 5.2 and 3.9g/L, respectively, whereas in 145 SAMBR30 it was 4.4 and 3.2 g/L, respectively. The small difference in the initial MLVSS in 146 both reactors was due to technical difficulties, but was deemed to have a negligible effect on 147 reactor performance. The low temperature of 10°C was achieved using a chiller (Model 148 RC400, Grant). The permeates of SAMBR30 and SAMBR300 were recycled to the HR or 149 used to moisten the fresh feedstock in order to minimise fresh water consumption. The effect 150 of Powdered Activated Carbon (PAC) was investigated using a PAC (SAE2, Norit) having a 151 surface area of 925 m²/g. 152 153
Analytical Methods 154
The measurement of pH (Jenway) was accurate to within ±0.02 units. Total Solids (TS), 155
Volatile Solids (VS), Mixed Liquor Total Suspended Solids (MLTSS), Mixed Liquor 156
Volatile Suspended Solids (MLVSS) and Soluble Chemical Oxygen Demand (SCOD) were 157 measured as described in Standard Methods (APHA, 1999). Their coefficient of variation 158 (COV) for ten identical samples was 4, 4, 4, 3.1 and 2.6%, respectively. Volatile fatty acids 159 (VFAs) were measured using a Shimadzu Gas Chromatograph with a flame-ionized detector 160 and a SGE capillary column (12mx0.53mm ID-BP21 0.5µm). The COV was 3% for ten 161 identical samples. The gas production rate (GPR) was measured using the water (2% H2SO4, 162 10% NaCl) displacement method. The composition of biogas was determined using a 163
Shimadzu GC-TCD fitted with a Porapak N column (1500×6.35 mm). The COV for 10 164 identical samples was 2%. For GC-MS analysis, the non-polar, volatile and thermostableorganic pollutants were extracted using a solid phase extraction (SPE) procedure. The Oasis 166 HLB cartridge (Waters Corporation) was first conditioned with 3 mL methyl tertiary-butyl 167 ether (MTBE), 3mL methanol and 3 mL deionized water (DW). A sample (500mL) at pH 2 168 was then loaded onto the cartridge and filtered dropwise. The cartridge was then washed 169 with 3mL of 40% methanol in DW to remove organic interferences, re-equilibrated with 170 3mL DW, washed with 3mL 10% methanol/2% NH4OH to remove humic interferences and 171 finally 6mL 10% methanol/90% MTBE. The final matrix (10% methanol/90% MTBE 172 mixture containing the recalcitrants from the 500 mL sample) was then evaporated to 200 173 µL. The samples were then analyzed using a 5890 Series gas chromatograph equipped with 174 an autosampler and a 5970 mass spectrometry detector (Hewlett-Packard, USA). The 175 analytes were separated using a SGE HT5 column of 25m x 0.22mm with a film thickness of 176 0.1 µm. The temperature program of the GC-MS oven was: 50°C, hold 2 min, rate 8°C min At a high OLR of 10 g VS/L.day, the solids started to build up in the HR due to the lignin in 211 the feedstock resulting in mixing problems. In order to keep a stable TS, more solids were 212 removed from the HR daily, which translated to lower SRT in the range 20-70 days. As a 213 result, the extent of hydrolysis was considerably reduced resulting in a low VS removal of 214 39%. This low VS removal was clearly attributed to the reduced amount of time given to theconcentration and COD in the leachate (data not shown). Hence, these results demonstrate 217 that the SRT can not be lowered to 20 days as this resulted in VS removals below 40%. In 218 our study the SRT had to be reduced to avoid a build up of TS in the HR because the OLR 219 had been increased. This indicates that an OLR of 10 g VS/L.day was too high for the HR 220 because the lignocellulosic waste could not be solubilised fast enough. Furthermore, the drop 221 in the VS removal was linked to an increase in fresh water consumption because more solids 222 were withdrawn daily which had to be compensated for by water to keep the volume 223 constant. 224 225 Finally, from day 87 the HR was fed daily with kitchen waste and garden waste, but in such 226 an amount that the OLR was kept constant at 10 g VS/L.day. The paper waste was omitted 227 from the feedstock in order to increase the OLR to the SAMBR and investigate the limits of 228 the SAMBR in terms of OLR. A SRT of 23 days with a HRT of 2.4 were sufficient to reach 229 81% VS destruction (Table 1 ). The same removal was obtained at 1.8 days HRT that was 230 applied from day 99 until the end of the experiment. The VFAs consisted of fatty acids 231 usually not found in significant concentrations such as n-valeric, n-butyric and n-caproic 232 acids as their concentration around day 100 increased to 710, 730 and 300 mg/L, 233
respectively. This is likely to be due to the higher amounts of long chain fatty acids normally 234 found in food waste. 235 236 237
Performance of SAMBR30 238
SAMBR30 was started up at a HRT of 3.7-4.6 days. Figure 1A shows that the start up at this 239 HRT was successful in terms of VFA removal, but nevertheless, a temporary SCOD build up 240 occurred in the bulk. Moreover, the addition of PAC on day 21 helped to initially reduce the 241 bulk SCOD during the start up. However, the effects on the permeate SCOD ( Figure 1A ) and 242 the flux ( Figure 1B) were negligible. SAMBR30 achieved a SCOD removal of between 79 243 and 95% at a minimum HRT of 1.5 days and an OLR of 8 g COD/L.day. However, this 244 performance was characterised by a residual SCOD in the bulk of greater than 2 g/L, while 245 the permeate on the other hand had a SCOD concentration below 1g/L because of membrane 246 rejection by the cake/gel layer. Unfortunately, these high bulk SCOD concentrations were 247 responsible for a rapid drop in flux. Nghiem et al. (2006) also observed that a greater total 248 organic carbon rejection coincided with the highest level of fouling which is consistent with 249 our observations. The flux was zero after day 95, and as a result the SRT became equal to the 250 HRT and a volume of sludge equal to the volume fed was removed daily, and the SCOD 251 removal percentage was calculated using the bulk SCOD concentration instead of the 252 permeate SCOD and the sludge. 253 254
Effect of PAC addition to SAMBR30 255
In order to gain more understanding of the PAC adsorption mechanisms a sample of the 256 permeate of SAMBR30 was analysed by GC-MS before and after PAC addition on day 21. 257
In order to let the PAC reach equilibrium, the sample after PAC addition was only taken on 258 day 23. The abundances of the peaks detected by GC-MS were compared and an estimated 259 removal due to PAC adsorption is given in Table 2 . It can be seen that some compounds 260 were completely removed by PAC as these were not detected on the chromatogram after 261 wastewater. The authors stated that PAC (1.7 g/L) enhanced biodegradation of sorbed 293 organics and that bioregeneration of PAC was taking place to further remove residual COD. 294
In our study the low solid retention time of SAMBR30 may have resulted in the washout of 295 slow-growing microorganisms responsible for the degradation of sorbed recalcitrants. 296
Increasing the concentration of PAC will remove more SCOD, but will be expensive and 297 increase the viscosity which can also result in flux drop (Akram, 2006) . 298 299 3.4 Performance of SAMBR300 300 SAMBR300 was fed with centrifuged leachate from the HR from day 34 onwards because 301 results obtained from SAMBR30 showed a high SCOD in the bulk (>2 g/L) due to the low 302 sludge retention times of 30 days. SAMBR300 was therefore run at 300 days solid retention 303 time to see if lower bulk SCODs could be attained. Permeate SCOD was omitted in Figure 2  304 because it followed the same trend as in the bulk, but at a lower concentration due to 305 membrane rejection. The initial HRT was set at 19 days to check that the inoculum was 306 active and was then reduced gradually to low HRTs and temperatures. It can be seen from 307 Figure 2A that the SCOD removal was over 90% at a HRT as low as 1.1 days even though 308 the percentage initially dropped to below 80% and 70% during the shock to 2.7 and 1.6 days, 309 respectively. These lower removals were, however, linked to a SCOD below 2000 mg/L in 310 the HR effluent. It can be seen from Figure 2A and 2B that bulk SCODs lower than 1g/L 311 gave rise to a stable flux of 4 LMH, whereas a bulk SCOD greater than 2 g/L in SAMBR30 312 was very detrimental to the flux. The best performance of SAMBR300 is summarized in 313 Table 3 . The specific gas production (SGP) was found to be 0.25 L CH4/g CODfed on day 94 314 at an OLR of 11.7 g COD/L.day using the following equation where the units are in 315 brackets: 316
which implies that 63% (0.25/0.395) of the COD of the leachate fed to SAMBR300 was 318 converted to methane. On day 95, the SCOD removal in SAMBR300 was 95.5% at 1.1 days 319 HRT and OLR of 11.7 g COD/L.day. Later on the same day the heater was switched off to 320 allow the SAMBR to reach ambient temperatures (20 to 22°C). It can be seen from Figure  321 2A that on day 98 this temperature shock caused a sudden increase in acetate concentration 322 from 0 to 500 mg/L, and in the bulk SCOD from 800 to 2000 mg/L. The SCOD removal 323 dropped to 88% at an OLR of 13.4 g COD/L.day. This shows that acidogenic bacteria, 324 acetoclastic methanogens and acetotrophs were affected by the temperature shock. However, 325 these groups of bacteria and archaea recovered because the bulk SCOD and acetate 326 concentrations went down to normal levels on day 100 achieving a SCOD removal of 95.3% 327 at an OLR of 11.8 g COD/L.day. This indicates the adaptation and growth of acetate 328 degraders at lower temperatures during the course of the experiment (McHugh et al., 2004) . 329
The results demonstrate the benefits of maintaining a high SRT in the SAMBR to 330 compensate for the low activity at lower temperatures. The absence of propionate during the 331 shock at 20°C could be due to an enrichment and elevated activity of hydrogenotrophic 332 methanogens at low temperature (Collins et al., 2005 ). The specific gas production then 333 became 0.14-0.16 L CH4/g COD, and the gas production rate (GPR) dropped from 4.5 L 334 biogas/L.day at 35°C to 2.4-3 at 20°C. This shows that some of the particulate COD fed 335 could not be hydrolyzed at 20°C to be converted to methane. Hence we showed that because 336 of the high SRT, SAMBR300 could cope with the temperature shock down to 20°C. 337 338 On day 100 the temperature was further decreased to 10°C: this caused an immediate rise in 339 bulk SCOD, acetate and propionate concentrations. Akram (2006) also observed that acetate 340 and propionate were the dominant VFAs when a shock to 15°C took place. Other VFAs such 341 as n-butyric, n-valeric and n-caproic acids also increased to maximum of 140 mg/L (data not 342 shown). This shows that this time the acetogenic bacteria which degrade the VFAs into 343 acetate were also affected in addition to acidogenic bacteria, acetotrophs and acetoclastic 344 methanogens. This is consistent with Nachaiyasit and Stuckey (1997) who observed that 345 acetogens and methanogens were the most affected groups. build-up. These persistently high acetate and propionate levels at low temperature, even afterlong periods, has been observed before (Akram, 2006 , Matsushige et al., 1990 ). This is due 364 to the Ks (half saturation constant) for acetate and propionate increasing dramatically at low 365 temperatures, and hence there is a certain minimum concentration below which the acetate 366 and propionate cannot go (Lawrence and McCarty, 1970) . There is also the fact that the 367 maximum specific substrate utilization rate, maximum microbial growth rate (µmax) and the 368 bacterial decay rate constant decrease with decreasing temperature in accordance with the 369 determined the formation of a gel layer and thus flux decline, and not the MLTSS. In our 375 study the MLTSS remained around 10-11 g/l after day 90 while the bulk SCOD increased 376 several fold which supports Harada's observations. 377
Moreover, the decrease in bulk SCOD in batch mode gave rise to an increase in flux from 378 0.4 on day 105 to 1.1 LMH on day 113 demonstrating that the flux drop due to high bulk 379 SCOD was partly reversible (a pump was continuously recycling the permeate to the 380 SAMBR even during batch mode). It can be seen in Figure 2B In order to gain more insight into which molecules are recalcitrant and accumulate in the 393 SAMBR, GC-MS analyses were carried out. The effect of low temperatures was also 394 investigated in order to determine which compounds build up during the temperature shock 395 that led to an increase in the bulk SCOD. 396 397
Compounds from the reactor and equipment 398
Firstly, a brand new SAMBR with new tubing and membrane was used and operated only 399 with deionised water for 1 week at 35°C in order to determine which components if any 400 leach from the reactor plastic and the tubing. The compounds that were detected are listed in 401 Table 4 . The alkanes detected are likely to come from the oils and waxes used to 402 manufacture the pieces of acrylic sheets (Barkston Plastics, UK) in our workshop, whereas 403 the phthalates and phenols are likely to come from the plastic itself. This was done to blank 404 out any interferences from the reactor rather than the microbial system. 405 406
Recalcitrant compounds in the HR effluent 407
The HR effluent was analysed by the GC-MS, but unfortunately only 100 ml of effluent 408 could be loaded on to the Oasis cartridge because of the high soluble organic content. As a 409 result, there were only a few peaks detected, and these are listed in Table 5 . The main 410 compounds detected in the HR effluent were long chain fatty acids, as expected, because 411 kitchen waste was being fed to the HR when the sample was taken (after day 87). 412
Recalcitrant compounds in SAMBR30 and SAMBR300 414
The compounds detected at 35 and 20°C are shown in Table 6 . There were more peaks 415 detected in SAMBR30 compared to SAMBR300 (Table 7) probably due to the higher SCOD 416 level in the former. Among the recalcitrants found at 35°C were tridecane that is considered 417 as easily degradable because it is aliphatic. At 20°C, the compounds octanoic acid, nonanoic 418 acid and n-decanoic acid that were present in the HR effluent could not be hydrolyzed in 419 SAMBR30 because of the lower metabolic activity at 20°C and probably also because of the 420 SRT equal to the HRT due to a blocked membrane. In contrast, in SAMBR300 they were 421 completely hydrolyzed and only appeared when operating at 10°C in batch mode. 
